Abstract Desertification is becoming a major ecological concern in arid and semiarid regions, especially under climate change. Globally, it is burning up lands for human habitats with a rapidly spreading tendency. Many scientists have been struggling to explore the related mechanisms. Challenges remain in revealing the fundamental principle in terms of desert-oasis interactions that are associated with nonstationary variations. Here we present a theory of desertification dynamics through examining nonstationary effects of climate change and human interference. We hypothesize that such dynamics can be described as the fate and transport of dry air mass continuously generated from desert. We simulate a region in northwestern China and reveal that dynamics of the nonstationary desertification process is subject to interactive impacts from a variety of factors. Our study moves forward the field of desertification studies through initiation of the dynamics and nonstationarity concepts which allow the fundamental mechanism to be disclosed.
Introduction
Globally, desertification is becoming a major natural disaster in arid and semiarid regions. Desertification is a manifestation of climate, and its spatial and temporal patterns are shaped by geology and biology. As a result of climate change and human interference, nonstationary variations of environmental conditions, which implies that the conditions no longer fluctuated within an unchanging envelope of variability, are becoming more conspicuous [Danfeng et al., 2006; Jordan et al., 2014; Milly et al., 2008; Song et al., 2014; Weng et al., 2011; Wang et al., 2014] . Consequently, the unfolding of desertification dynamics at spatial and temporal scales is not physically or statistically indistinguishable from the past, which leads to the nonstationarity of desertification process. Such nonstationarity presents a major challenge to understanding the desertification mechanism and the simulation of the related processes, which are of similar importance to hydrodynamics for water systems or aerodynamics for atmospheric ones [Kuehl et al., 1995; Madanian et al., 2014; Sun, 2015 ; U.S. National Research Council (USNRC), 2012].
Many scientists claim that desertification is primarily due to human interference [Mulitza et al., 2010; Schlesinger et al., 1990] , vegetation pattern variations [D'Odorico et al., 2005; Kéfi et al., 2007; Klausmeier, 1999; Maestre et al., 2012] , and land (soil) degradations [Mueller et al., 2007; Ni et al., 2014; Reynolds et al., 2007; Wang et al., 2005] . More recent studies have shown that desertification is likely to be controlled by climate change and the related geomorphological processes [Guo et al., 2002; Munson et al., 2011; Seely et al., 2008; Sun et al., 2006; Tietjen and Jeltsch, 2007; Wang et al., 2009; Xue et al., 2015] . In the past decades, tremendous efforts were made in studying desertification dynamics [Ding et al., 2009; Sun, 2015; USNRC, 2012] . Hahn et al. [2005] developed a model to describe long-term climate, livestock, and vegetation interactions on rangelands in the semiarid region of South Africa. Kéfi et al. [2007] used a modeling approach to analyze how vegetation patchiness changes when desertification is imminent. Ding et al. [2009] used remote sensing data to analyze the relationships between desertification and its driving factors, including vegetation cover, soil texture, climate factor, terrain factor, hydrology factor, and human activities. Sun and Wang [2011] used coupled biosphere-atmosphere models to study the dynamics of land surface processes. Xu et al. [2012] proposed a method to assess the driving processes of desertification in North China. However, these studies were limited in descriptive analyses for system behaviors or statistical inferences for individual processes. No systematic study on nonstationary desertification dynamics was reported. This gap leads to our lack of insight into the desertification process that is related to not only climate but also a variety of related climatic, hydrological, biological, geophysical, ecological, and human factors [Collado et al., 2002; Ehrlich et al., 1994; Garbulsky and Paruelo, 2004; Niu et al., 2014; Reynolds et al., 2004; Sun et al., 2005; Tucker et al., 1991; Wang et al., 2008 Wang et al., , 2004 . Therefore, the objective of this study is to reveal the desertification dynamics through examining the nonstationary effects of climate change and human interference. In detail, (1) a concept of dry air mass (DAM), which can directly relate to desertification level, will be initiated; (2) a DAM dispersion model will be constructed to simulate the transport of DAM in the atmosphere; (3) with some assumptions regarding DAM source intensity, dispersion velocity, convection, and residuals, the model will be solved analytically to describe the transport of DAM influenced by a single source at a fixed location; (4) a Markov process will be introduced to further extend the analytical solution and to represent variations of source locations; and (5) the model will be applied to describe the desertification process at the Minqin County in northwest China, one of the representative arid and semiarid regions.
Methodology
A concept of DAM, which is regarded as a complex atmospheric component without presence of water, was firstly initiated. DAM concentration then denotes a ratio of DAM to total air mass (TAM), where TAM = DAM + mass of moisture vapor. DAM was used because (a) its concentration is significantly related to desertification level [Qin et al., 2004] , (b) variations of DAM concentrations correspond to those of desertification dynamics [Huang et al., 2009] , and (c) such variations are driven by many impact factors that lead to nonstationary desertification dynamics, such as climate change and human interference [Huang et al., 2009] .The transport of DAM in the atmosphere due to continuous contributions (or "emissions") of it from desert zone(s) was simulated. When viewing the DAM movement at a fixed location, a period of increasing concentrations would be experienced as the DAM plume approaches the location, and another with decreasing concentrations will be experienced when the plume meanders away; moreover, the expansion of the DAM plume with time would be observed due to molecular diffusion. It is thus implied that the movement (or "dispersion") of DAM is dominated by air mass advection and molecular diffusion [Moncrieff et al., 1996; Moreira et al., 2006; Vilhena et al., 2008] . The advection leads to instantaneous spreading of DAM in the down-gradient directions; meanwhile, as a result of the diffusion, DAM disperses to various directions (defined as dispersion direction) and the DAM level fluctuates along the direction. These can be expressed as
, and D z are diffusivities in x, y, and z directions, respectively (L 2 · T À1 ); u, v, and w are DAM dispersion velocities in x, y, and z directions, respectively (L · T À1 ); and t is time (T).
When the horizontal meteorological conditions are homogeneous over each spatial unit, and the contribution rate of DAM is a constant within each temporal unit, the following assumptions can be established: (a) DAM source intensity is in a steady state, i.e., ∂ω/∂t = 0, (b) dispersion is negligible in x direction, (c) dispersion in y and z directions take the form of Gaussian distribution about the centerline, (d) convection is dominant in
, and (e) residual (Ф) is zero.
Given these assumptions, analytical solutions of (1a) and (1b) were obtained ω( 
). These equations describe the transport of DAM as influenced by a single source at a fixed location. Such a location can vary with time, depending merely on its present state (but not on any past states). It can be estimated through a Markov process, Pr[
, where L is a random process representing variations of the source location, which can be defined through random vector {X, Y, Z}; l is Journal of Geophysical Research: Atmospheres
the realization of L which can be represented as {x, y, z}. In fact, DAM transport is affected by multiple sources. Thus, the DAM concentration can be given as follows:
where k 1,ip is the intensity coefficient for source
; f p is the probability of movement from the existing source location to the pth source; f j is the probability of movement from the existing source toward the jth direction; M is the number of locations (at time t + 1) toward which source i (at time t) moves; N is the number of dispersion directions; I is the number of sources at time t; subscripts i, p, and j denote source, source-moving direction, and DAM transport direction, respectively.
The source intensity is related to the difference between saturated and actual vapor pressures. A source intensity coefficient (k 1 ) is introduced to quantify its magnitude. It is intended to represent combined effects of DAM molecular properties as well as climatic and nonclimatic factors. Generally, the higher the k 1 value, the larger the source intensity. The dispersion velocity is proportional to the rate of vapor pressure variation with the DAM movement:
where
) which represents the mobility of DAM. It is potentially related to various climatic, topographical, and atmospheric conditions and determines the DAM dispersion velocity and thus affects the desertification process. The higher the k 2 value, the more rapid the desertification process.
The DAM dispersivity levels in lateral and vertical directions (ξ and η), varying with location and time, are related to meteorological, geographical, and topological conditions. They govern the transport of DAM relative to the surrounding air.
The initial temporal resolution for the DAM simulation is based on daily meteorological data, such as air temperature, dew point temperature, relative humidity, wind direction and speed, and cloud cover. Subsequently, monthly, seasonal, and yearly average values can be obtained through compound computation based on daily information of DAM sources, wind directions, wind speeds, and k 1 and k 2 variables. Estimation of the k 1 , k 2 , ξ, and η values are discussed in the following section.
Case Study

Study Area
The study County is besieged by two deserts (Badain Jaran Desert and Tengger Desert) from the north, west, and east ( Figure 1 ). Its cultivable land accounts for merely 6% of the total area (15,900 km 2 ) but supports a population of 313,100. The prevailing arid climate, coupled with excessive land reclamation and water consumption, leads to expansion of the deserts during the 1980s to 2000s; oasis is encroached by 8 to 10 m per year [Huang et al., 2009; Li et al., 2007; Sun et al., 2006 Sun et al., , 2007 Wang et al., 2004] . The County is one of the locations currently subject to the worst desertification threat in China. Two sites within the County (Donghu and Huangjiang Villages), where considerable desertification has proceeded since the 1980s, were selected as study areas. The two sites represent cases with and without human interventions. 
correlates vapor pressure deficit with DAM source intensity which is assumed based on two major factors in each source zone: desert type and nearsurface sand moisture level. They could be used for approximating conditions that could affect the magnitude of source intensity and thus facilitating long-term forecasting. Therefore, k 1 is assumed to be formulated as follows:
DT is a desert-type factor (assuming a scale ranging from 0.5 to 2.0), which is a measure of susceptibility of sandification to sand mobility, vegetation, and morphology. Sandification is defined as the process where the fine soil particles and organic content of sparsely vegetated lands decrease, and the soil texture becomes sandy. Deserts are subject to different forms and sizes based on their interaction with the wind. The morphology is referred to the shape, height, length, and slope of a desert. Based on such information, desert is divided into three general groups, including small isolated cresentic dune, large barchan chain, and complex sand dune. The complex sand dune (or star dune) is considered to be the most mature desert type, and small isolated cresentic dunes could present at the early stage in forming a larger sand dune. During its early to mature stages, the potential of a sand zone for significant sandification (i.e., generation of significant DAM) would increase. Sand mobility (i.e., the sands' ability to be moved freely and easily) also poses considerable effects on sandification. It is mainly related to vegetation density and sand type. A fully vegetated (and fixed) sand zone is considered nonmovable, and the corresponding DAM level will be low; conversely, a sand zone without vegetation will be significantly mobile with a high DAM level. The detailed DT levels under different desert conditions are shown in Table 1 . SM is a near-surface sand moisture factor, which is a measure for susceptibility of soil particles to desertification drivers (i.e., DAM). Many previous studies revealed that SM is related to a number of factors [Wiggs et al., 1995] . First, considerable spatial and temporal variability in topsoil moisture exists over seasons. A twofold to threefold increase in moisture content during spring or fall was significantly correlated with increase in precipitation. Second, biomass density (or vegetation cover) is a factor that influences the stability of moisture levels on the sand surface. Third, near-surface moisture is denoted as moisture level at a given depth. Beneath a dry layer of 10 to 20 cm, there is a relatively stable wet sand layer. Other factors such as texture, structure, permeability, and organic matter content can also affect the SM level; however, they are considered insignificant compared with the above principal factors Smith, 1960, 1978; Lane and Shirley, 1988] . More details of the SM are given in Table 2 .
The dispersion velocity (L · T
À1
) is assumed linearly related to the derivative of vapor pressure over two observation points (e.g., source and receptor points). Generally, the higher the derivative, the faster the DAM transformation (from source zone to down-gradient regions). The derivative reflects impacts of meteorological, climatic, and atmospheric factors. The dispersion velocity coefficient,
], represents the slope of such a linear relation and is assumed related to a number of factors including topographical condition, hydrological effect, wind velocity, and human interference:
TF represents a topographic factor. It describes the effects of surface features in the area between the sand source and the desertification-stricken region, such as lakes, mountains, and canyons. TF decreases with increasing terrain roughness. The TF levels for different topographic features are listed in Table 3 . For combinations of multiple features, a weighted mean can be calculated based on the significance level of each feature's contribution. Details of the HE and WV factors are shown in Tables 4 and 5 , respectively. HE denotes a hydrologic factor. It is assumed that the presence of water bodies will slow down the dispersion velocity of DAM. This factor involves both artificial and natural water bodies. WV is a wind velocity factor. Wind power can significantly affect desert morphology, sand structure, and vegetation cover and thus the speed of sandification. The dispersion velocity of DAM is assumed positively proportional to wind velocity. HI denotes a human interference factor reflecting effects of artificial barriers (e.g., trees, grasslands, and shelter belts) on dispersion velocity of DAM. Such barriers may thus hinder the spread of desertification (see Table 6 ).
The DAM dispersivity levels in lateral and vertical directions (ξ and η), varying spatially and temporally, are related to climatic, geographical, and topological conditions. They govern the transport of DAM relative to the surrounding air. Estimations of ξ and η are acquired through statistical analysis and site investigations. The resulting functions for estimating five typical conditions in western China are provided in Table 7 .
Results and Discussion
The DAM model can be used to analyze the desertification process at the Minqin County. The years of 1987, 1996, and 2006 were considered as representative points of time of the desertification process during the 1980s to 2000s. Therefore, results of the 3 years were examined in detail [Sun et al., 2006; Xue et al., 2015] . Seasonal average concentrations of DAM are produced and mapped as isolines (Figures 2a and 3a) . Both sites see expansions of high-DAM zones during 1987 to 2006. Based on preliminary field observations, the desert , where x denotes average moisture content. ; this threshold is derived based on the extent of desert at the study area [Huang et al., 2009] . At the Donghu site, the source zone experienced an increase of 7.46% during 1987 to 1996, while it stayed stable with a slight decrease of 0.69% during 1997 to 2006. At the Huangjiang site, the annual rate of source zone expansion was relatively stable (i.e., 3.71% and 2.05% during the two successive decades, respectively). Such differences are also identified in spatial patterns of DAM distribution at the two sites. At Donghu, there is an increasing interlacement among areas with different concentrations while DAM is moving out of the source zone. Strong heterogeneity of soil and topographical features contributes to such a spatial fragmentation. At Huangjiang, DAM generally moves southward and exhibits a homogeneous distribution along the longitudinal direction. As this site is close to the oasis, human activities (such as land reclamation) contribute significantly to the reduced heterogeneity of surface and subsurface resistances against the DAM movement.
When DAM moves from deserts toward oases, it gradually depletes atmospheric moisture, prompts soil evaporation, and increases air and soil temperatures. These lead to degradation of ground vegetation (in terms of area and density) due mainly to moisture deficiency. Therefore, the DAM simulation results can be partially verified through comparing variations of DAM (or source zone expansion rate) with those of vegetation coverage, expressed through remotely sensed vegetation indicators such as the normalized difference vegetation index (NDVI). NDVI data were calculated from Landsat 5 TM images obtained on 14 September 1987, 26 September 1996, and 5 August 2006. Georegistration and radiometric calibration were conducted using ERDAS-Imagine 9.0 and RSI-ENVI 4.0. The comparison results demonstrate acceptable agreements between the DAM distributions and the NDVI images (Figures 2 and 3) . Areas with low DAM levels correspond to high-density vegetation patches; degradation of ground vegetation is correlated to variations of DAM concentration. The results demonstrate that the oasis-desert transition zones were well reproduced in the DAM maps, and the desert source zone can well represent the desertification at a regional scale. From 1987 to 1996, the area without vegetation (NDVI < 0.05) increased by 59.45% at Donghu and 13.05% at Huangjiang, correspondingly, while the desert source zones expanded by 7.46% and 3.71%. Even though the percentage changes were different, the results of desert source zones and nonvegetated areas exhibited consistent increase trends. During the subsequent decade, the nonvegetated area increased by 21.14% at Donghu and 6.24% at Huangjiang, while the desert source zone stayed stable with a slight decrease of 0.69% at Donghu and expanded by 2.05% at Huangjiang. The vegetation at the Huangliang site was mainly natural vegetation, and the patterns of desertification were well reproduced in the DAM maps. At the Donghu site, the DAM source zone area was relatively stable with only a slight annual decrease. The presence of DAM plume implies a nonstop process of desertification, which is consistent with the expansion of observed nonvegetated area. However, some local vegetation variations revealed by NDVI maps were not reflected in the simulation outputs. Particularly, at the southeastern corner of Donghu, there was an unexpected bloom against the simulated DAM presence. The increase of local vegetation density is mainly due to the growth of irrigated farmland and was not captured by the DAM model [Wang et al., 2008] . This can be explained by the existence of human habitats in this area that were associated with a variety of local human activities, which might have interfered with the modeling performance.
The source intensity coefficient (k 1 ) represents the combinative effects of nonmeteorological factors on the DAM source intensity. Based on the previous investigation of main factors affecting dune mobility and the related erosion and deposition processes [Von Hardenberg et al., 2001; Wiggs et al., 1995] , desert type (with different vegetation coverage and desert morphology) and nearsurface moisture level were found to be the main parameters that affect k 1 . This is based on the following assumptions: (i) morphology and viability of the desert's top layer have significant effects on DAM source intensity; (ii) vertical variations of desert surface stability are significantly affected by sand type, water content, plant coverage, and distribution of soil microbiotic crust. Relations between k 1 and its related factors (i.e., soil moisture and desert type) are shown in Figures 4a-4c . Figure 4a presents small isolated cresentic dune, longitudinal dune, or linear ridge (maximum height < 50 m); Figure 4b presents large crescent dune or barchan chain (maximum height 50 to 150 m); and Figure 4c presents star dune or complex sand dune (maximum height > 150 m). Coefficient k 2 represents the mobility of DAM out of the source zone. To estimate k 2 , it is assumed that a mobile sand belt, with frequent sand deposition and erosion, lies between source and receptor zones. Intensities of such deposition and erosion are controlled by wind regime and surface conditions (e.g., topographical, hydrological, and human interference) [Wiggs et al., 1995] . The ability to resist sand erosion varies spatially, leading to relevant variations in the mobility of desertification. Relationships between k 2 and related factors, including topographic and hydrologic conditions, wind speed, and human interference, are provided in Figures 4d-4f. Figures 4d-4f present flat ground, hilly ground, and basin terrain, respectively. Low human interference signifies cultivation activities of grasses and/or shrubs; high interference refers to the establishment of shelter belts and/or sand-catching fences or walls. Overall, k 1 and k 2 are correlated to a variety of impact factors; many empirical models for long-term erosion assessment and conservation analysis also show similar correlations [Lane and Shirley, 1988; Wischmeier and Smith, 1960; Wischmeier and Smith, 1978] . The related data are referred to various investigations, surveys, and literature reviews [Huang, 1992; Saco et al., 2007; Wang et al., 2005] .
Monte Carlo simulation is used to find out cumulative distribution functions (CDFs) of parameters k 1 and k 2 at Huangjiang and Donghu, respectively, considering uncertainties and spatial nonstationarities associated with the related factors. Figures 5a and 5b show the empirical cumulative distribution functions (CDFs) of k 1 and k 2 under multiple DAM sources in summer 1996 and 2006, respectively. Parameters k 1 and k 2 are normalized based on their maximum and minimum possible values. The results demonstrate that the geographical heterogeneity can lead to significant variations in k 1 and k 2 . Such heterogeneity is related to geographical conditions of DAM sources. For example, a desert in a tropical zone may be devoid of vegetation, while that along humid regions may be stabilized. The existence of water or artificial structure (e.g., cultivated grasses, shrubs, or shelter belts) between DAM sources and receptor zones can lead to increased resistibility toward DAM dispersion. Generally, the CDF curves of k 2 at Huangjiang and Donghu are relatively closer to each other, suggesting similar dispersive velocities. In comparison, the k 1 values at Donghu are significantly lower than those at Huangjiang (over 90% normalized k 1 values are lower than 0.2); this is mainly because Donghu is partly vegetated with moderate soil moisture, which mitigates DAM impacts. Donghu is more vulnerable where surface condition and wind speed play significant roles. Comparing parameters of 1996 and 2006, it is indicated that the decreasing trend of k 1 is not as significant as that of k 2 . This may be because the dispersion velocity has been affected by more factors that are more sensitive to human interference. 
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It is shown that k 1 and k 2 are useful for analyzing effects of surface process and wind energy on DAM movement, where a multitude of uncertainties exist under various scenarios of climate change and human interference. The magnitudes of k 1 and k 2 variations are informative for quantifying influences of various desertification-driving factors. Furthermore, k 1 and k 2 may also reflect dynamics of impacts from vegetation cover, desert activity, soil moisture, wind energy, hydrological effects, and human interference through reflection of their temporal variations. They are also applicable to other desertification-stricken areas where multiple geological, geographical, hydrological, and climatic conditions exist. Further sensitivity analyses also demonstrate significant effects of k 1 and k 2 on the desertification process. The spatial heterogeneity is related to distribution of DAM sources and geographical conditions of receptor zones. These results demonstrate that climatic conditions (e.g., temperature, vapor pressure, and wind speed) and human interference do have significant impacts on the desertification process.
Conclusions
Disentangling the underlying mechanisms of nonstationary desert-oasis interactions is of key importance for preventing and reversing desertification for vast tracts around the world under climate change. The work initiates a new concept of DAM and a DAM-based theoretical model to conceptualize and analyze desertification processes. The DAM concept was used to reveal nonstationary complexities of desertification process in the Minqin County under climate change and human interference. Various factors responsible for desertification, such as climate conditions, human activities, desert morphology, soil moisture, topographic conditions, and hydrologic features, were considered. Desertification level and its spatiotemporal dynamics were conceptualized through differential analyses. Although some physical and biological components are simplified, the results reveal a number of interesting phenomena and tendencies. The result suggests that climate change (e.g., variations in moisture content and wind) and human interference (e.g., artificial barriers such as trees, grasslands, and shelter belts) have significant impacts on the desertification of northwestern China over the past two decades. It is concluded that land degradation can be well simulated as the spreading of DAM. The proposed approach can be extended to other arid or semiarid regions for describing desert-oasis interactions, quantifying influences of various desertification-driving factors, and analyzing dynamics of nonstationary desertification processes. In future studies, the proposed method can also be improved through including more details of the land surface processes. Meteorological data are obtained from the China Meteorological Data Sharing Service System (URL: http://cdc.cma.gov.cn; data set name: SURF_CLI_CHN_MUL_MYE-R_19812010), provided by the China Meteorological Administration. The national data of land cover, soil, and topography are obtained from the Chinese Academy of Sciences (URL: http://www.data.ac.cn/index.asp), and the data are available upon request through hedata@igsnrr.ac.cn. The global data of land cover, soil, and topography are obtained from the Global Land Cover Characterization Data Set (URL: http://edc2.usgs.gov/ glcc) and the Global 30 Arc Second Elevation Data Set (URL: https://lta.cr. usgs.gov/GTOPO30), provided by the United States Geological Survey. This work was supported by the Natural Sciences Foundation (51520105013, 51225904), the 111 Project (B14008) and the Natural Science and Engineering Research Council of Canada.
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